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CALCULATION O F  THE THERMODYNAMIC PROPERTIES OF 
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B. P. Burylev 

ABSTRACT. The theory of regular solutions is applied to 
the problem of determining component activity, thermo- 
dynamic quantities and heats of mixing of strongly inter- 
acting systems. Formulas are produced for calculation of 
thermodynamic and thermochemical properties of solutions 
consisting o f  components which form large negative and 
positive asymmetrical deflections from the law of ideal 
solutions. The intermolecular interaction constants are 
calculated for many alloys of nickel and cobalt with 
various elements, which can be used to estimate the 
concentration dependence of the activity of the components, 
the mixing heat and the area of existence of two immiscible 
phases. 
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Thermodynamic quantities are not only of theoretical interest, since they /3Y - 
allow us to evaluate the nature of the interatomic interaction, but also are 
of practical value in the determination of gas saturation [l], diffusion 
processes [2], and furthermore are necessary for the solution of certain 
technological problems in the production of nonferrous metals 131. 

In order to determine the activity of components, the partial and 
integral thermodynamic quantities and the heats of mixing of strongly inter- 
acting systems, the equilibrium between the melt and a chemical compound of 
practically constant composition near the maximum of the liquidus 
is used; the principles of this method in the framework of the theory of ideal 
solutions are analyzed in monograph [4]. In the present work, we shall extend 
the method by applying the theory of regular solutions as well as expressions 
which take into consideration the asymmetry of the thermodynamic properties. 

On the basis of [4], we have the following expression for the points of 

curve 

the maximum 

where 1.1 

component, T and AH are the melting temperature and heat of the chemical 
and x2 are the chemical potential and atomic fraction of the 2 

*Numbers in the margin indicate pagination in the foreign text. 
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compound. 

From t h e  theory o f  regular  so lu t ions  w e  have 

then a f t e r  d i f f e r e n t i a t i o n  we find 

*-- . .  

or  

U T  

I 

' where Q is t h e  energy of t h e  interchange i n  t h e  system cons is t ing  of 
components 1 and 2 .  

Considering an equation from [SI 

a f t e r  d i f f e r e n t i a t i o n  and s u b s t i t u t i o n  i n  expression ( l ) ,  we produce 

The value of  AH i s  determined from experimental da t a  o r  ca lcu la ted  from 
the  addi t ive  nature  of t h e  melting entropy of t h e  pure components [ 6 ] ;  t he  
numerical values  of t h e  hea t s  and temperatures of  melting of  t h e  components 
a r e  taken from handbook da ta  [7, 81. 
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The change i n  temperature near  t he  maximum i s  described by a parabola 
l i k e  

T = To + LZ (x, - X: )2 + 6 (x, - X: )” (5) 

m 
2 where x i s  t h e  concentration of component 2 ,  corresponding t o  t h e  maximum on 

t h e  l iquidus curve; 
a and b are constants  defined from experimental d a t a  [9]. 

The r e s u l t s  of ca lcu la t ions  using equations (2) and (5) are presented 
toge ther  with t h e  i n i t i a l  d a t a  i n  Table 1. The values  o f  t h e  hea ts  and 
temperatures of melting of  n icke l  and cobal t  a r e  taken as 17.7 and 
15.7 kj/g*atom, 1455 and 1495’ respec t ive ly  [7]. 

In n icke l  melts with Be, C e ,  La, Sb, Thy Zr and Co with S i ,  an asym- 
metrical de f l ec t ion  is  noted, ind ica t ing  systematic  changes i n  Q f o r  t he  
various compositions. This confirms once again the  da t a  of  work [SI , i n  which 
t h e  complex nature  of t h e  change i n  a c t i v i t y  with melt composition i s  noted. 

01 

In  t h i s  case, we must use  equations l i k e  (3) and (4) .  Combined so lu t ion  
of t h ree  equations (4) f o r  t h e  th ree  compounds allows us t o  determine t h e  
constants Q,, Q2 and Q3. 

Q, = -187; Q 2 
1600’ are determined [SI by the  expressions 

si For the  system N i - C e ,  t h i s  determination gives us 

= 254 and Q3 = -156.5 kj/g*atom. The a c t i v i t y  coe f f i c i en t s  f o r  

The r e s u l t s  of ca lcu la t ions  considering a = f x  (Figure 1) ind ica t e  a 
considerable in t e rac t ion  i n  t h i s  system, and i f  t h e  components are mixed, a 
considerable quant i ty  of heat  i s  l i be ra t ed .  

In recent  years ,  rare metals are being ever more f requent ly  used f o r  
a l loying,  desu l fura t ion  and gas removal, bu t  t h e r e  i s  no information at a l l  
concerning t h e  mixing hea ts .  
s i t i o n  o f  thermal balances and a r e  t h e  b a s i s  f o r  automation of  t h e  thermal 
operation of  an aggregate. 
be performed on t h e  assumption t h a t  t h e  excess entropy is  zero, i . e . ,  by 
assuming 

However, these  da ta  are required f o r  t h e  compo- 

Calculations of t h e  thermochemical proper t ies  can 
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mix  ex AH Z A G '  , 

where AGex is the  excess molar Gibbs energy, determined on t h e  bas i s  of t h e  
d a t a  of [5] by expression 

The g rea t e s t  e r r o r s  introduced by assumption (6) should be observed f o r  
melts with high values of Q. 
t h e  maximum values of t he  funct ions are AGex = -46 kj/g*atom [ l o ] ,  and 
AHmix 

For example, i n  melts of n icke l  with s i l i c o n ,  

= -58 kj/g*atom [ l o ,  111, from which, on t h e  b a s i s  of 

a t  1600", t h e  value o f  ASex = -6.4 j/g-atomedeg. 

introduced by t h e  assumption t h a t  ASex = 0 i s  20%, which i s  g rea t e r  than t h e  
accuracy of t he  ca lcu la t ions .  For weakly i n t e r a c t i n g  systems, t he  r e s u l t s  of  
ca lcu la t ions  from t h e  s t a t e  diagram (Co-Cu and Ni-Cu melts [SI) are confirmed 
by d i r e c t  ca lor imet r ic  measurements of t h e  mixing hea ts  of  n icke l  and cobal t  
with copper [12, 131. 

A s  we can see, t he  e r r o r  
I. 

For t h e  system Co-Si, w e  produce 
from equation (4) Q = -349.5; 

Q2 = +213.4 and Q, = -24.2 kj/g*atom, 

from which, on t h e  bas i s  of (6) and (7), 
w e  can produce values of AHmLx and AGex. 
Calculat ions show t h a t  t h e  maximum of 
t h e  funct ions i s  located a t  xsi = 0.408, 

which corresponds t o  the.experimenta1 
d a t a  of  [14, 151, but t h e  numerical 
values of t h e  ca lcu la ted  quan t i t i e s  are 
somewhat higher  than t h e  experimental 
values.  

1 

In order  t o  t e s t  o ther  values of 
Q, w e  can note  t h a t  t h e  value of  QNi Ti 

presented i n  work [16] almost corre- 
sponds with the  minimal values f o r  N i T i  
Ni3Ti  from Table 1. In  N i - A 1  and Co-A1 

- 
F igure  1. A c t ' i v i t y  As a 
Funct ion o f  Concentrat ion i n  

Ni-Ce A l l o y s  a t  1600' 
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a l loys ,  a negat ive de f l ec t ion  is  noted, and t h e  r e s u l t s  of t h e  ca lcu la t ions  
q u a l i t a t i v e l y  correspond with t h e  experimental d a t a  [17]. 

TABLE 2. CALCULATION OF VALUES OF Q, AND Q2 FROM EQUATIONS (8) AND (9) 

Sys tern r' OC I 
I Ag-Ni 

Ag-Ni* 
Go-Bi 
Co-Se 
Co- P b* 
N i-T I 
Ni-Pb 
Ni-Pb* 

1435 
1435 
1345 
1448 
1438 
1387 
1340 
1340 

t_ LO-! - 
If 

x2 

0,97 
0,978 
0,823 
0,31 
0,9933 
0.96 
0,72 
0,79 

57,7 
56,7 
53,4 

-1,o 
720 - . 
53,4 
352 
352 

. -5'3 
-7,5 
-30.0 
-138,4 

- 5,9 
-10.0 
- 6,l 

- 

For systems with pos i t i ve  def lec t ion ,  t h e  constants  Q, which ailow us t o  
determine t h e  thermodynamic and thermochemical p rope r t i e s  of t h e  a l loys ,  are 
determined from t h e  area of immiscibi l i ty  [9]. The compositions o f  t h e  phases 
are determined by t h e  equa l i ty  of t h e  chemical p o t e n t i a l s  of t h e  components in 
both phases (phase numbers marked with primes) 

from which after s u b s t i t u t i o n  of expressions ( 3 )  f o r  Q = 0 w e  produce the  two 
equat ions 3 

j o i n t  so lu t ion  of  which allows us  t o  determine Q and Q2. 1 
a l loys  of  cobal t  and n icke l  with var ious elements [9] are presented i n  
Table 2 ,  where t h e  a s t e r i s k s  mark systems with boundaries of termination of 
m i s c i b i l i t y  c l a r i f i e d  by t h e  da ta  of  [18-211. 

Calculat ions o f  
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Solving equations (8) and (9) f o r  t h e  temperature and- f ix ing  of t he  
composition of  one phase, we can determine by s e l e c t i o n  the  composition of t h e  
second phase f o r  which t h e  values  of temperatures from these  equations corre-  
spond. 
expressions 

The c r i t i c a l  composition and temperature a r e  determined from t h e  

I 
2 

and 

An example of t h e  ca l cu la t ion  of t h e  a rea  of immisc ib i l i ty  i s  shown on 
Figure 2 f o r  t h e  system Ni-Pb. 

Figure 2. Diagram o f  S t a t e  
o f  System Ni-Pb. 
x -- Experimental data o f  
[20]; 00 -- Calculations 
using equations (8) - (11)  

Using t h e  values of  Q which we have - /39 
found, w e  can ca l cu la t e  t h e  p rope r t i e s  of 
multi-component systems such as are t h e  
r e a l  a l loys ,  using t h e  equations produced 
i n  works [16, 221. 

Conclusions 

1. Formulas a re  produced f o r .  calcu- 
l a t i o n  o f  thermodynamic and thermochemical 
p rope r t i e s  of  so lu t ions  cons is t ing  of 
components which form la rge  negative and 
p o s i t i v e  asymmetrical de f l ec t ions  from t h e  
law of i dea l  so lu t ions .  

2 .  The intermolecular  i n t e r a c t i o n  
constants  a r e  ca lcu la ted  f o r  many a l loys  
of n icke l  and cobal t  with var ious 

elements, which can be used t o  es t imate  t h e  concentrat ion dependence of  t h e  
a c t i v i t y  of t h e  components, t h e  mixing hea t  and t h e  a rea  of exis tence of two 
immiscible phases. 

e 
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